Introduction
Primary hyperoxaluria type 3 (PH3; MIM 613616), a rare autosomal recessive disorder that affects glyoxylate metabolism, is caused by defects in the HOGA1 gene (OMIM 613597), located on 10q24.2 [1] . Based on the genomic data, specifically a mutant allele frequency study, the prevalence of PH3 is currently estimated to be 1: 136,000 [2] . Also, PH3 is believed to be as prevalent as primary hyperoxaluria type 1 (PH1). Exome sequencing (Exac database) has detected many additional rare and potentially damaging mutations that had not been reported previously, potentially indicating increasing prevalence [3] . However, there are few PH3 cases reported worldwide, and only 3 affected individuals have been reported in the Chinese population, which suggests that PH3 cases are underdiagnosed and/or incompletely penetrant [3, 4] .
The HOGA1 gene encodes a liver-specific mitochondrial enzyme, 4-hydroxy-2-oxoglutarate aldolase (HOGA; 35 kDa, 327 amino acids), which catalyzes the transamination of 4-hydroxy-2-oxoglutarate (HOG) to glyoxylate and pyruvate [1] . A deficiency in this enzyme is responsible for HOG accumulation in the mitochondria. The excess HOG is transported to the cytosol and later converted into oxalate. Also, the inhibition of glyoxylate reductase leads to oxalate accumulation due to accumulating HOG [1, 5] . About only 10% of urinary oxalate is derived from dietary oxalate, while the remaining 90% is endogenous oxalate, which is produced via the metabolism of oxalate precursors [6] . In primary hyperoxaluria (PH), the elevated level of endogenous oxalate, which forms insoluble calcium oxalate crystals, consequently contributes to oxalate precipitation throughout the body, particularly in the kidneys, bladder, eyes, heart, bones, and sometimes the lungs, which leads to cell damage and organ dysfunction. Thus, like other PH types, the typical presentation of PH3 is recurrent urolithiasis. However, systematic oxalosis is absent in PH3 patients [7] , and hypercalciuria serves as a marked phenotype of PH3 that is rare in PH1 and PH2. PH3 is the mildest type of PH, with good preservation of kidney function.
At the time of this writing, only 3 cases of PH3 have been reported in the Chinese population [4, 8] , and no patients have been reported in other populations in Asia. The related articles were found on the PubMed website (https://www.ncbi.nlm.nih.gov/pubmed/) by searching the following keywords: primary hyperoxaluria type 3, China, Chinese, and HOGA1. The PH3 mutation spectrum in China has not yet been established, and no mutation hot spots have been detected.
Here, we report the clinical, biochemical, and potentially causative mutations in 5 Chinese PH3 patients, including potential hot spot mutation region (c.834_834+1) and two novel mutations, thereby expanding the mutation spectrum for this disease. We are now performing genetic and biochemical tests on additional patients who developed kidney stones early in their lives.
Materials and Methods

Patients
Five patients (2 boys and 3 girls, age range: 1 year and 9 months to 5 years and 2 months) from four unrelated Chinese families were diagnosed at the Department of Pediatrics, Peking University First Hospital. The clinical onset of symptoms occurred between 6 months and 1 year of age. The patients were admitted with indications of hematuria, frequent urination, slow urination, and dysuria. One of our patients (patient 2) came to the hospital because of positive family history. The parents of all patients were healthy and non-consanguineous. 
Routine Tests and Metabolic Studies
Routine blood and urine laboratory tests were conducted, including electrolytes, liver, and renal function; glucose; ammonia; ketones; thyroid hormone; creatine kinase and creatine kinase isoenzymes. Transabdominal ultrasonography, urinary system ultrasonography, and abdominal computed tomography were performed.
Urinary oxalate was analyzed via gas chromatography-mass spectrometry, which was performed using a GCMS-QP2010 analyzer (Shimadzu, Japan).
HOGA1 Analysis
We obtained informed consent from the parents of pediatric patients before genetic analysis. Peripheral blood samples were collected from all patients and their parents, and lymphocytes' genomic DNA was extracted using a TIANamp blood DNA kit (Tiangen Biotech, China). We performed exome sequencing (Agilent V5, US) for genes related to PH3. The exons and flanking intronic regions of the mutations detected in HOGA1 were amplified via polymerase chain reaction and then sequenced. The sequence data were compared with the reference sequence of HOGA1 (NM_138413) to detect the mutations. Mutations were compared to HGMD datasets to identify previously reported mutations (http://www.hgmd.cf.ac.uk). Then, the mutations were compared to the 1000 Genomes Project (http://www.1000genomes.org) and ExAC browser (http://exac.broadinstitute. org) to determine the minor allele frequency (MAF) and then rule out those mutations with high MAF values.
Prediction of the Effects of HOGA1 Sequence Mutations and Conservation Analysis
Multiple sequence alignments were analyzed to determine the degree of conservation of the novel mutations. PolyPhen-2 (http://genetics.bwh.harvard.edu/pph) and MutationTaster (http://www.mutationtaster.org) were used to predict the impact of mutations on protein function. 
Results
The clinical data and the results of the laboratory examinations are presented in Table 1 . All patients were born at term from healthy unrelated parents. Patients 1 and 2 were siblings; patient 1 is a boy aged 1 year and 3 months born via normal delivery. The boy presented with dysuria at the age of 6 months. Ultrasonography of the urinary system revealed bilateral kidney stones, ureterolithiasis, and hydronephrosis. Percutaneous nephrostolithotomy (PCNL) was performed. A genetic diagnosis was obtained when this patient was 10 months old. After diagnosis, he was given a high level of fluid intake (1.5-3 L/day), hydrochlorothiazide, and oral potassium citrate according to treatment guidelines, avoiding excessive vitamin C and oxalate-rich food intake. Since treatment, his stones have not been aggravated, and the patient's estimated glomerular filtration rate (eGFR) has remained relatively stable. Patient 2 came to our hospital for a health examination at the age of 3 years, after patient 1 diagnosis. Cystic calculus was detected, and urine oxalate and urine citrate acid levels similar to those observed in patient 1 were found. Transurethral cystolithotripsy was performed. Since hydration and urine alkalinization treatment, the patient's stones have not recurred, and his eGFR has remained stable. However, the follow-up duration is not long enough; more time is required to evaluate the effects of treatment.
Patient 3 is a girl aged 4 years and 5 months born via normal delivery who first showed PH3 symptoms (recurrent hematuria and dysuria) at age 3. She suffered from frequent urination when she was 4 years old. Hematuria, slow urination, and dysuria developed later. Bilateral kidney stones and elevated urine oxalate were found, and extracorporeal shock wave lithotripsy (ESWL) was performed when this patient was 4 years old. Her family came to our hospital after the surgery. Elevated urine Ca 2+ and uric acid levels and hydronephrosis were detected, and HOGA1 gene mutations were identified. She was diagnosed with a kidney stone, urolithiasis, hydronephrosis, hyperuricemia, hypercalciuria, and PH3. Her prescriptions were the same as those for patient 1. After 5 months of treatment, her stones and kidney function remained stable.
Patient 4 is a 6-year-old girl born via natural delivery. She first presented with hematuria at the age of 5 years. Kidney stones (Fig. 1) , increased urine oxalate, and decreased urine citric acid levels were detected; she was quickly treated via mini-PCNL twice. Her family came to our hospital after the surgery, and she then received her genetic diagnosis. She was diagnosed with a kidney stone, hydronephrosis, and PH3. After 3 months of similar treatment as compared to patient 1, the girl's stones were not aggravated, and her kidney function remained stable.
Patient 5 is a girl who was born via cesarean because pelvic inlet stenosis was found in her mother. She is 5 years and 8 months old as of this writing. Patient 5 presented to our hospital with a chief complaint of dysuria and hematuria when she was 4 years old. Laboratory tests showed elevated blood white blood cells, increased urine oxalate and Ca 2+ in the blood, and normal urea nitrogen, creatinine, and uric acid. After whole-exome sequencing, the patient was diagnosed with kidney stones, urinary tract infection, and PH3. Anti-infective treatment and, subsequently, ESWL were performed. After 8 months of treatment, her condition was stable.
Five mutations were identified across all 4 patients ( Table 2 ; Fig. 2 ). Compound heterozygous c.834_834+1GG>TT and c.834G>A (p.A278A) mutations in patients 1 and 2 (Fig. 2a) , a homozygous c.834G>A (p.A278A) mutation in patient 3 (Fig. 2b) , compound heterozygous Wang
c.811C>T (p.R271C) and c.812G>A (p.R271H) mutations in patient 4 (Fig. 2c) , and compound heterozygous c.346C>T (p.Q116X) and c.834_834+1GG>TT mutations in patient 4 ( Fig. 2d) were found. All the mutations were detected in each parent of patients. Among these mutations, only two mutations, c.811C>T (p.R271C) and c.812G>A (p.R271H), were novel. The other three mutations, c.346C>T (p.Q116X) [9] , c.834G>A (p.A278A) [8] , and c.834_834+1GG>TT Table 2 ). The PH3 sequence alignment revealed that amino acid residue (Table 3) . Two missense mutations (p.R271C and p.R271H) are predicted to be "probably damaging" and "diseasecausing," respectively, by PolyPhen-2.0 and MutationTaster. The stop gain mutation (p. Q116X) is predicted to be "disease-causing" by MutationTaster (Table 2) , while the c.834_834+1GG>TT and p.A278A mutations cannot be labeled by software because they stretch over exons and introns.
R271 is conserved among humans, Macaca mulatta, Felis catus, Mus musculus, Takifugu rubripes, Danio rerio, Drosophila melanogaster, and Xenopus tropicalis
Discussion
To date, only 3 cases of PH3 have been reported in the Chinese population [4, 8] , and no mutation hot spots were identified in the Chinese population, although hotspot mutations have been found in other populations. In this study, we presented 5 cases of PH3 in Chinese patients and described their symptoms, clinical findings, treatments, and responses. The findings will be highly useful in treating future cases of PH3 in the Chinese population. Furthermore, we found the potential mutation hot spot region (c.834_834+1) and two novel mutations [c.811C>T (p.R271C) and c.812G>A (p.R271H)] associated with PH3.
PH3 was first recognized in 2010 by Belostotsky et al. [1] . The clinical features of PH3 include urolithiasis, hypercalciuria, and hyperuricemia [10, 11] . In PH, stones are caused by increased production and accumulation of oxalate and subsequent hyperoxaluria deposition. In addition to stones, systemic calcium oxalate crystal deposition also leads to vascular disease, cardiomyopathy, and retinal disease. However, unlike in other types of PH, systemic oxalosis has not been reported to date in PH3 [12] , even in elderly individuals [13] .
Frequent and active stones can damage kidney function. However, kidney function is better preserved among PH3 patients as compared to other forms of PH [9] . Only a few cases of chronic kidney disease were reported [4] , and end-stage renal disease (ESRD) is even rarer [2] . However, ESRD was found in both children and adult individuals, specifically an 8-year-old boy [2] and a 78-year-old man who developed recurrent urolithiasis for some 30 years [13] . Despite oxalate deposition, stone removal procedures and urinary tract obstruction may contribute to kidney function damage. To date, nephrocalcinosis has been reported only occasionally in individuals with PH3 [11, 14] . PH3 may occur at various ages. 50-65% of affected individuals develop their first symptoms, such as significant stone manifestations, before the age of 5 years, and stone formation can occur throughout their lives. However, the frequency and severity of stone activity seem to be relieved during adolescence and adulthood [9, 15] . Thus, some scientist and doctors cautiously considered PH3 to be a benign condition because of the limited number of PH3 cases with long-term follow-ups [9] . In our study, all of our 5 patients had early onset in infancy or early childhood. Four of them had typical kidney stones, with normal kidney function. One patient (patient 2) did not present with a typical phenotype but was identified because of positive family history. Two of the 5 patients (patients 3 and 5) had hypercalciuria. Urinary Ca 2+ was not estimated in the other 3 patients. Also, repeated urinary infection, proteinuria, and hydronephrosis were observed, which may have resulted from stones, damage, and blockage. Elevated urine oxalate was observed in 3 of the 5 patients (patients 3-5), while patient 1 and 2 did not receive the test. The symptoms are identical with PH3, which makes a differential diagnosis with other inherited kidney stones, and treatment more accessible.
PH3 is initially diagnosed based on clinical features, biomarkers, liver enzyme analysis, and genetic testing. Elevated urinary and plasma oxalate excretion contributes to its biochemical diagnosis. An elevated rate of urinary oxalate accumulation (> 0.7 mmol/1.73 m 2 /day) is the most typical biochemical marker, and increased plasma oxalate concentrations (> 20 µmol/L) are very suggestive of PH3 in patients with reduced kidney function [7] . Among the PHs, about 70% of cases are PH1, 10% are PH2, 10% are PH3, and others remain unclear in terms of genetic basis [2] . All three types of PH involve high levels of plasma and urine oxalate, though PH3 always involves a lower oxalate accumulation level. Plasma and urine oxalate levels cannot serve as markers of differential diagnosis, but other biochemical tests for the metabolite biomarkers of PH3 make differential diagnosis possible. Urine HOG can be measured via ion chromatography-mass spectrometry [5] ; also, HOG and 2,4-dihydroxyglutaric acid can be tested via gas chromatography-mass spectrometry [16] . The 4-hydroxyglutarate test was developed using flow injection tandem mass spectrometry [3] . Urine glycolate estimation helps to identify PH1, and L-glycerate is involved in detecting PH2. Also, glycolate is sometimes detected in PH3 patients. Furthermore, regarding stone component, stones formed by PH3 patients contain aggregated calcium-oxalate dihydrate crystals that range widely in size [17] .
To date, only 33 mutations have been reported in HOGA1 (http://www.hgmd.cf.ac.uk/ ac/index.php). Common HOGA1 mutations, including a deletion (c.944_946 del AGG, p. E315del) and a splice site mutation (c.700+5 G>T), accounted for 74.2% of total mutations [2, 10] . However, these mutations were not found in our study. A total of 8 patients (3 in the previous study, and 5 in our study) were detected in the Chinese population [4, 8] ; mutation c.834 G>T accounts for four (one in the previous study [8] and three in this study) of twelve alleles (the siblings in our study and the previous study [8] separately share the same alleles). Also, c.834_834+1GG>TT accounts for three (one in a previous study [8] and two in this study) of twelve alleles, while c.834+1 G>T accounts for one (one in a previous study [4] ) of twelve alleles. In total, mutations in c.834_834+1 region account for 8 of 12 alleles among Chinese PH3 patients.
The c.834G>A (p.A278A) mutation, which was detected in 3 of the 5 patients in this study (patients 1-3) creates a synonymous change. This mutation has been reported in Chinese patients before [8] , and it creates two types of transcripts. The majority transcript eliminates exon 6, while the minority transcript retains it as normal. Thus, the codon change results in a decreased splice site recognition ability in c.834, and this position is an important controller of HOGA1 gene splicing [8] . The next mutation, c.834_834+1GG>TT, was also identified from patients 1, 2, and 5. This complex mutation is a successive two-nucleotide substitution at the last position of exon 6 (the same position as p.A278A) and the first position of intron 6. This mutation causes the complete skipping of exon 6 [8] . The mutations of patients 1 and 2 are complex; the pedigree analysis makes the mutation identification easier (Fig. 2a) . These siblings have the same mutation as a boy who firstly presented with nephrolithiasis at 33 months of age. The boy's condition was very severe, and bilateral renal calculi, multiple bladder stones, and upper ureteral calculi were detected. He later received PCNL of the right kidney, combined with bladder lithotripsy, and of the left kidney. In contrast to the reported case, our siblings (patients 1 and 2) represented milder phenotypes, especially patient 2, who did not show typical symptoms before the health examination. Furthermore, c.834+1 G>T was reported in both Chinese [4] and Caucasian populations [18] . One of the boys who harbored heterozygous c.834+1 G>T and p.C257G mutations showed stage 2 chronic kidney disease (CKD 2) after 10 years of treatment, while his sibling with the same mutation presented with normal eGFR over 8 years of follow-up [4] .
The novel mutations, p.R271C and p.R271H, are different changes in the same amino acid. They are predicted to be pathogenic by Polyphen-2 and MutationTaster, and R271 is conserved among species, which indicates that these mutations are likely pathogenic. Homozygous c.346C>T was identified from a Turkish boy who initially presented with recurrent urolithiasis at 1 year of age. He underwent PNCL and ESWL for curation, and the disease was completely cured after 10 years of follow-up [9] . To date, the genotype-phenotype correlation has not been established, even for the common mutation c.944_946 del AGG and c.700+5 G>T, which may be due to the small patient populations and other genetic/environmental modifier effects [1] . Some pathogenic mutation carriers are idiopathic stone formers, suggesting sensitivity to haploinsufficiency [2, 12] . In our study, although a mutation hotspot in this population was identified, the genotype-phenotype correlations remain remote, which might necessitate long-term follow-ups and patient population enlargement.
PH3 patients require lifelong treatment to retard calcium oxalate precipitation, including hyperhydration and urine alkalinization. Hyperhydration helps reduce urine supersaturation with calcium oxalate. A high oral fluid intake (> 2.5 L/m 2 body surface area) is recommended [7] ; urine alkalinization, via potassium or sodium citrate, orthophosphate, or magnesium, can inhibit calcium oxalate crystallization. Other recommendations in terms of reducing calcium oxalate deposition include a low-salt and high-fiber diet and relatively low vitamin C intake because excessive quantities of vitamin C may result in the precipitation of calcium oxalate. Also, marked dietary oxalate intake should be avoided [7] . The treatment of hypercalciuria, including thiazides or a combination of thiazides with amiloride, can significantly reduce urinary supersaturation with calcium oxalate [12] .
Symptomatic treatment and daily prevention are also needed. Firstly, urinary tract obstruction should be treated via stent placement and stone removal in time to avoid complications such as infection. Secondly, urinary tract infections should be promptly and thoroughly treated because bacteria may cause pyelonephritis and recurrent infections. Also, acute kidney injury should be avoided by preventing intravascular volume contraction and nephrotoxic agent intake [7] . Here, patients underwent hyperhydration, urine alkalinization, and urinary calcium-reducing treatment. All of them were advised to avoid excessive vitamin C and oxalate intake. The stones were not aggravated, and all patients showed normal eGFRs. However, because the follow-up duration was not long enough, we require more time to estimate treatment response.
In conclusion, this study reports a potential mutation hot spot region (c.834_834+1) in the Chinese population, and two novel mutations were identified (p.R271C and p.R271H). These results will provide a framework for future genetic diagnoses of this disease. To investigate the mutation spectra of disease-causing genes associated with PH3 in the Chinese population, a large-scale study of PH3 in China should be performed.
